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ABBREVIATIONS
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LSSM - Lunar Scientific Survey Module
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DEFINITIONS

SLM ‘ Shelter Laboratory Module (SLM) or Lunar
Shelter Laboratory (SHELAB) represented
here is considered to be a lightweight struc-
ture attached to the LEM/T structure, cap-
able of providing a scientific laboratory ezvl—A
vironment, and shelter for two or more

astronauts under lunar environmental hazards.

LSV Lunar Surface Vehicle (LSV) is considered
to be a wheeled, transportable, lightweight,
self-propelled vehicle which provides trans-
portation for the astronauts and carry
scientific instrumentation required for lunar

exploration and survey.

LFV The Lunar Flying Vehicle (LFV) is considered
to be a two-man, transportable, lightweight,
self-propulsion vehicle which will provide
flying transportation for the astronauts' use
for exploring in accessible areas and in case

of an emergency.
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DEFINITIONS (Cont'd)

LEM TRUCK The Lunar Excursion Module/Truck (LEM/T)
is the automated unmanned version of the
LEM descent stage designed to transport

lunar payloads from orbit to the lunar surface.

LAUNCH VEHICLE The Launch Vehicle is the Saturn V, com-
i posed of the S-IC booster stage, the S-II
stage, the S-IVB stage, and IU Instrument

Unit (1U).

MOLAB Lunar Mobile Laboratory - A combined
shelter -mobile laboratory vehicle equipped
scientific instruments and necessary equip-

ment for lunar survival.

ALSS The Apollo Logistics Support System (ALSS)
consists of the Launch Vehicle, the space-
craft, the flight crew, the ground support

systems, and the assigned payload.

viii




GROUND RULES

ASSUMPTIONS

DEFINITIONS (Cont'd)

Ground rules are defined as criteria or
conditions which must be used as limits for
concept design and as the basis for concept

evaluation.

Assumptions are defined as assumed
criteria or conditions which are used as
study guidelines. Assumptions must be

within the limits of the ground rules.

ix
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SECTION 1.0

INTRODUCTION AND SUMMARY

/

The lunar scientific exploration phases proposed under the Apollo
Application Program and subsequent programs will utilize many structural
systems which will inciude orbital modules, fixed shelters, large mobile
laboratories, flying devices, small roving vehicles, and emergency survival
shelters. In each case the environmental constraints to be incountered during
the programmed missions will be considered when structural designs are
established.

In the specific area of meteoroid shielding numerous studies, both
theoretical and experimental, have been performed. A deficiency, thus far,
has been the practical application of previous studies in such a manner that
a prospective designer can easily determine optimum meteoroid shielding
designs for the near-earth, Cislunar, and Lunar environment.



SECTION 2.0

OBJECTIVE

SIB-TR-8

The purpose of this repcrt will be to accomplish the following in support of the
Apollo Application Program.
|

(1)

(2)

(3)

(4)

(5)

Analyze the most recent technical reports available to arrive
at near-earth, cislunar space, and lunar meteoroid flux and
penetration relations which meet with the most wide spread
agreement.

Correlate theoretical and experimental work on meteoroid
flux and penetration rates.

Provide applicable curves through which a designer may
determine the optimum single sheet meteoroid shield for
near-earth, cislunar space and lunar environments.

Provide applicable curves or procedures to determine the
effective equivalent multiple sheet meteoroid shielding design
when given the best single sheet configuration.

Analyze appropriate technical reports and references to deter-
mine which type of wall design will be most appropriate taking
under consideration (a) total weight, (b) meteoroid flux and
penetration rates, (c) sheet thicknesses, (d) optimum sheet
spacing, distribution of weight between front and back sheets
in multiple-sheet structure and sheet material (Physical
Characteristics).



. SECTION 3.0
TASK APPROACH

_ The approach taken in the establishment of a meteoroid shielding design
criteria was to prepare an overall task methodology as illustrated on page 4 .
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SECTION 4.0

SURVEY AND COMPILATION OF DATA PERTAINING TO METEQOROQID
SHIELDING DESIGNS

In reviewing references which deal with the general subject of meteoroid
protection for spacecraft and Lunar structures, it becomes apparent
that there are conclusions which meet with general agreement. The
conclusions which provide some basis for a meteoroid shielding design
criteria are listed below. (See Figures 1-1, 1-2, 1-3, 1-4 and 1-5).

1. Per Reference (12) experimental evidence was obtained which
indicates that the outer sheet of a multi-sheet structure serves
primarily as a projectile break-up device fragmenting and dis-
persing the energy from the impacting particle. The energy
extracted by the front sheet of a structure as the sheet thickness
is increased does not correspond to the loss of energy absorbing
capabilities of the rear sheet as the thickness is decreased.
Consequently, the optimum meteoroid-resistant bumper will be
just thick enough to completely fragment the projectile. Further,
the conclusion was made that, for a given mass per unit area
of meteoroid bumper, the bumper material is relatively
unimportant.

2. Thicknesses of bumper materials per references (4) and (12)
were found experimentally to be most appropriate when the
thickness was 0.5 of the projectile diameter. (See Figures
1-2 and 1-3).

3. Impacting a bumper protected target was not effective when the
projectile traveled in low velocity ranges. (See Figure 1-1)
The velocity of which effectiveness was reached is dependent
in part upon bumper thickness, particle velocity, and bumper
standoff distance. Further, total penetration into a bumper
protected target at low velocities is greater than in a quasi-
infinite target (i.e., thick plate).

4. Total penetration into bumper protected target increased as
impact velocity increased in low velocity range. (See Figurel-1)

a. At 10,000 ft. /sec. penetration reached a max. and decreased
with further increase in impact velocity.

b. Bumper thickness was 0.5 projectile diameter.

c. Stand-off distance was 32 projectile diameters.
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Per reference 5, less momentum is required to penetrate a finite
plate than is required to penetrate a quasi-infinite plate to a depth
equal to a plate thickness. Consequently, a projectile which has
penetrated a bumper has more momentum left than if it has pene-
trated a quasi-infinite target, |

When the velocity of a meteoroid is not specified, the thickness of
a just-puncturable wall is directly proportional to the cube root of
the meteoroid mass and inversely proportional to the cube root of
the product of the density and Brinell hardness of the wall material,

Max penetration - 9, 950 ft/sec., projectiles shattered but remained
clustered., (See Figure 1-1).

A stand-off distance of 50 times the projectile diameter took full
advantage of fragment dispersion with velocities at 12, 000 ft/sec,
(See Figure 1-5).

A stand-off distance of 8 times the projectile diameter was required
to cause total penetration to decrease with increasing impact velo-
cities from 9, 000 to 14, 000 ft/sec. (See Figure 1-5),

At velocities too low to cause fragmentation of the projectile, the
total penetration is independent of bumper stand-off distance.

Maximum penetration into bumper protected targets that had bum-
per thicknesses between 0.5 and 2.0 projectile diameters was less
than that found in targets with either greater or less thicknesses.
The bumper protected target that had a bumper thickness of 0.5
projectile diameter was the most effective in reducing penetration
damage, (See Figures 1-2 and 1-3).

Data was obtained over a small range of meteor velocities, Indi-
cations are that in some instances the closing velocities may ap-
proach 200, 000 ft/sec. The trends itemized below are subject
to verification with high velocity gas guns but should hold true.

a. DPenetration will continue to decrease as velocity increases

until such time fragmentation and dispersion will be so com-
plete that minor damage will occur to a main wall.

11
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b. Assuming (a) is true, the maximum penetration observed at
10, 000 ft/sec. would be the absolute maximum penetration
in velocity range of 0 to 200, 000 ft/sec. (See Figure 1-1),

13, For stand-off distances less than 8 times the projectile diameter
an increase in impact velocity always resulted in increased pene-
tration,

14, At velocities great enough to cause fragmentation of the projectile
the total penetration decreased with increased bumper stand-off
distance.

SPALLATION

Per reference 16, bumper design must be directed not only at efficiency
in breaking up a projectile but also some consideration must be given to
bumper spall. These larger fragments of bumper material although
probably low in energy are potentially more dangerous than the more
fragmented projectile. Bumper spall can be expected to be more ex-
tensive when the bumper is too thick., Since an average projectile size
will have to be accounted for in bumper design criteria, it will be im-
possible to avoid a condition where a bumper will be too thick. On this
basis it may be appropriate to revise the simple whipple bumper to in-
clude secondary spall shielding, particularily on the structure dome or
roof. Possibly sufficient filler material will suffice and would result
in considerable weight savings over another structural shell. In this
respect, the density of both particle and projectile are the most impor-
tant material properties affecting bumper performance. Figure 1-7

"lists some applicable materials and their densities.

A significant number of the theoretical studies dealing with the effects
of meteoroid impacts have proposed that at high velocities (in excess
of 30,000 fps) only molten or vaporized material strikes the main pres-
sure vessel wall. The most recent experimental efforts including ref-
erence (29) indicate that this is not the case. It has been determined
‘that target material outside of the projectile diameter on impact is
removed by a shearing action which begins at the projectile edge and
moves outward, The shearing forces have their maximum at the edge
of the impact zone and dissipate as the fragmented area grows. Con-
sequently, no matter what the velocity of the impacting particle is,
some of the bumper spall will be solid low velocity fragments. On
this basis, the least damage would be caused by spall resulting from
the lightest bumpers. Although not proven, several sources including

12
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reference (29) have proposed that there is a relation between the degrees
of spallation and the bumper material melting points., Indications are
that meteoroid bumpers comprised of materials with lower melting points
suffer less total penetration when impacted.

MATERIAL CONSIDERATIONS

The optimum selection of materials, both bumper and energy absor-
bents, has been one of the primary goals of experimental efforts per-
formed in the area of meteoroid shielding research. The biggest ob-
stacle, thus far, has been the testing of materials at true meteoroid
velocities.

METEOROID SHIELDING BUMPER MATERIAL

Experimental results support the contention that for a given
meteoroid shielding bumper material density the kind of material
is of secondary importance. The density selected for application
though is a factor to be considered for the reasons described in
Section 1.2, Figure 1-6 represents an analysis of the most com-
mon materials which have been proposed. The quantity of infor-
mation on Aluminum is far greater than that for any other type
and for this reason analysis is performed in comparison to Alum-
inum. Figure 1-6 indicates that Magnesium and Magnesium
Lithium alloy both requires less weight per unit area than Alumi-
num to stop penetration of a projectile with a given velocity. It
is interesting to note from Figure 1-6 that Magnesium and Mag-
nesium Lithium are significantly less dense than Aluminum. Due
to the closeness of the three best bumper materials depicted in
Figure 1-6 and the fact that far greater experience has been
attained in working with Aluminum, design curves presented
within this report will be on the basis of Aluminum 2219-T87,
Relations from which design curves will be calculated will be
presented so that any material may be analyzed, given the den-
sity, bar speed of sound, and Brinnel hardness.

Filament wound Fortisan fiber meteoroid shields and pressure
vessel walls have been analyzed for their ability to prevent pene-
tration by high velocity particles, Figure 1-8 more clearly
illustrates the thicknesses and weights of a Fortisan Filament
wound structure required to prevent penetration as compared to
Aluminum and Magnesium Lithium. Designs depicted in Figure

13
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1-8 are those required to prevent penetrations by particles tra-
veling at the same velocity.

The author concludes and Reference 29 substantiates that the
laminations of a fibrous bumper reduces its efficiency to pre-
vent penetrations. Projectiles are not fragmented and penetrate
relatively intact,

. 4.2, 1.1 CORRUGATED BUMPERS

Corrugated bumpers used in multiple-sheet meteoroid design
are desirable in that they tend to turn impacting particles ob-
liquely through the energy dissipating medium. The general
concensus among investigators, including Reference (11), is
that a hypervelocity particle will expend its energy normal to

the impacting surface. Per reference (18), if 80% of the bum-
per surface offers an oblique surface a majority of the impacting
meteoroids will be turned anywhere from 5° to 45° normal to
the structure., In addition, energy is lost in the change in direc-
tion of the velocity vector.

Multiple splay impacts on corrugated targets, as observed in
reference (18), resulted in part of the fragmented projectile
skidding along the exterior surface of the corrugation cone.
A portion of the fragmented projectile was able to penetrate
the bumper resulting in elongated craters. It is estimated
that a sine wave shaped bumper would increase the protection
of a meteoroid bumper by a minimum of 20%.

4,2.2 ENERGY ABSORBANTS FOR APPLICATION TO MULTIPLE-
SHEET METEOROID SHIELDS

Many types of energy absorbing filler materials have been experi-
mentally tested for their applicability to multiple-sheet meteoroid
shields. They have included Polyurethane, Polystyrene, Q-felt,
stabilized Q-felt, Dexiglas, Owens-Corning TW-F insulating Wool,
and Armstrong low density Cork.

Early laboratory impact tests of composite structures have demon-
strated  the effectiveness of low density fillers in both reducing

the total structural weight and increasing the total energy dissipating
capability, However, per reference (29) it has been shown that '
under certain conditions particle impacts approaching meteoroid
velocities can induce catastrophic failures,

18
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Foil insulations consisting of close packed layers of foil laminates
and closed cell foams are undesirable due to secondary damage ef-
fects. Upon impact the outer bumper shatters the projectile into
many small particles some of which are vaporized, resulting in a
highly compressed mass of material. When the fragmented material
strikes an area of entrapped gas such as that found in closed cell
foams and layers of foil, a pressure pulse is generated which shatters
the filler material over a wide area adjacent to the projectile path,
This pressure pulse substantially increases the damage to the rear
pressure vessel wall., A similar effect has been observed by refer-
ence (29). The recommendation was made that a dead air space be
provided between the shield and the main pressure vessel wall to
relieve compressed gasses.

For the same density, fiberous filler material such as glasswool,

and Q-felt is approximately as efficient as cellular material in dissi-
pating energy. A difference is evident in the type of damage resulting
for the reasons stated previously,

Figure 1-9 illustrated the effectiveness of glass wool to absorb
energy at various velocities, It is significant to note the effect of
providing an air space between the bumper and the filler material,

In addition to the sealed air problem relating to super-insulations
employing foils, it has been experimentally determined by reference
(29) that twice the weight of foil and insulation would be required to
obtain the same stopping power offered by polystyrene foams.

To summarize energy absorbent analysis, the type of filler may ‘\
be correlated to total main hull damage. Main hull or pressure
vessel wall damage increases for the following materials in the
order of listing.

(1) Fiberglass wool with preceding air space
(2) Fiberglass wool without preceding air space
(3) Open cell foams

(4) Closed cell foams

(5) Low density cork

(6) Super-insulations (foil layers)

19
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Honeycomb applications to multiple-sheet meteoroid shields
where the cellular structure runs perpendicular to the outer
bumper contributes little to preventing penetration. Reference
(29) found that while bumper. damage was somewhat less adja-
cent to the point of impact, total penetration was about the
same as for two sheets of Aluminum with no filler.

REVIEW OF EXPERIMENTAL METHODS AND DATA

One of the most significant efforts to be performed in the area of
meteoroid shielding design is the verification of specific designs
in the hyper-velocity range. The multiple-sheet meteoroid shield
design with various fillers applied have been validated in the 20

to 25,000 feet per second range and have previously been shown
to be the best design up to this velocity.

HYPER-VELOCITY EXPERIMENTATION

Per References (18, 28 and 31) the average meteoroid velocity
is currently estimated to be 30 KM/sec (98, 400 ft/sec). To
validate multiple-sheet shielding in the range approaching
meteoroid velocities reference (18) employed a particle accel-
erator capable of accelerations to 120, 000 ft/sec.

Micrometeoroid accelerators capable of reaching particle velo-
cities duplicating those to be found in space or on the lunar sur-
face are limited in the size of particle which may be handled.
Consequently, specific target designs to be used are theoreti-
cally scaled down to meet the maximum mass the test facility
is able to fire. Conversely, using the same mathematical ap-
proach, the test results were treated to apply to the larger
meteoroid particles to be actually found in the space and lunar
environment. Experimentation in the hypervelocity range has
not been accomplished without problems however., Listed below
are significant results and difficulties which have been encoun-
tered in the accumulation of hypervelocity impact data. It must
be noted that experimentation in this velocity range is new and
it is not unreasonable to expect that the state-of-the-art may

be such that a significant number of the problems may have
been removed by the time that this study is released.

(1) A high percentage of test particles were breaking up when
accelerated above 30, 000 ft/sec.
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Procedures used to scale down meteoroid shielding designs
to match particle sizes used in hypervelocity acceleration
equipment is conservative.

At the present time equipment state-of-the-art is such that
adequate equipment for monitoring particle integrity and
velocities (60-200, 000 ft/sec.) is not available,

It was anticipated that hypervelocity impact data such as
that found in reference (18) would result in ballistic limit
data for meteoroid shielding designs. However, of the ref-
erences available, total penetrations of test panels were
not obtained.

Due to item (4) above, test personnel in the hypervelocity
range were not able to recommend changes to the generally
accepted multiple-sheet meteoroid shielding designs. How-
ever, a typical approach, such as the NASA-AMES compo-
site panel design procedure was shown to result in conserva-
tive designs.

Per reference (18), when considering the NASA-AMES com-
posite panel design procedure; on the basis of hypervelocity
test data, an 80% increase in mass over that for which de-
signs were accomplished could be expected before the com-
posite hull would be punctured.

Per references (18 and 28), the electric discharge accelerator
(in development stages) offers the best prospects for particle

- accelerations from 100, 000 to 200, 000 ft/sec.

4.3.2 STRESSED AND CRYOGENICALLY COOLED STRUCTURES

Significant weight reductions are realized for cryogenic modules in
space applications by incorporating the propellant wall and insulation
with the inner portion of the barrier. Meteoroid shielding designs
applied in this manner to cryogenic modules will require that analysis
be performed on the effects of fragment impact on stressed structures
at cryogenic temperatures, It is generally anticipated that catastro-
phic failures will occur if internally stressed cryogenic tanks are pene-

trated

23
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Tests have been performed by reference (29) on uniaxially
and biaxially stressed cryogenic structures in the cooled
and uncooled condition to determine the impact conditions
necessary to induce catastrophic failure,

SIGNIFICANT STUDIES

Reference 45 is a report of an investigation being per-
formed for the Manned Spacecraft Center. The thorough-
ness with which the investigation is being performed and
the results which have consequently been obtained justify
a summary within the body of this report,

A basic deficiency in micrometeoroid impact simulation is
the inability to reach true meteoroid velocities. The ex-
perimenters of reference 45 propose to understand the
physics of impact so as to be able to extrapolate to hyper-

‘velocities. Listed below are some of the characteristics

of the experimental procedure.

1., The meteoroid environment adopted for analysis is
that identified in reference 37.

2. When specific meteoroid shielding panels are to be
tested and the structural area, exposure period, and
the zero puncture probability desired is known, the
test particle size is determined by:

(a) calculating the meteoroid mass to be designed for

(b) calculating the particle diameter at ,5 grams per
cubic centimeter

(c) arriving at an equivalent aluminum particle dia-
meter

3. The design criteria for establishing meteoroid shield-
ing panels is minimum weight,

24
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The meteoroid particle for which designs are estab-
lished is denoted as the Apollo particle. It is estab-
lished at .44 grams per cubic centimeter, travels at
a mean velocity of 30. 4 kilometers per second and is
1. 02 millimeters in diameter,

The impact process The following statements on im-

pact physics are established:

1.

At impact the projectile and meteoroid shield is shocked
to some pressure,

The pressure generated at impact reduces to ambient
pressure by release waves. '

Pressure buildup and release cycle in the shield is
nonisentropic. Consequently, heat is generated.

The heating generated at impact determines the debris
particle size by the following:

(2) If the resultant debris is solid, the size of the
particles will decrease with increasing tempera-
ture due to the decrease in fracture strength,

(b) If the resultant debris is molten, only surface
tension forces need to be overcome to create drop-
lets, These forces and correlating droplet sizes
will become smaller as the liquid temperature in-
creases up to the point where the debris is vapo-
rized,

To further clarify the observations made above, the fol-
lowing statements refer to Figurel-9A However, it would
be useful to first define the optimum meteoroid shield
thickness, The optimum thickness (1:s opt) of a shield is
that shield thick enough that the axial element of the shock
reaching the back of the projectile is of sufficient strength
to cause complete melting.
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1. Note that the optimum sheet thickness is a function

of impact velocity for aluminum shields and projec-
tiles.

2. The theory works only for those velocities above that
required to cause debris melting.

3. Optimum shield thickness (ts opt) decreases with in-
creasing impact velocity.

4. Density rather than the particular material is the de-
sign criteria,

5. The effectiveness of a shield is independent of the
strength of the shield material at impact velocities
above 4 kilometers per second,

Experimentation by the authors of reference 45 at 8, 07
kilometers per second resulted in the following observa-
tions:

1. Most of the damage in a2 meteoroid shield does not
occur across the full diameter of the resultant bubble
at impact but instead over a central area with a dia-
meter equal to approximately one-half of the diameter
of the bubble.

2. Loading is uniform over the central damage area.

3. The main failure mode is tensile failure around the
circumference of the loaded area. Failures were not
initiated by shearing as was first thought by other ex-
perimenters.

4, Failure mechanisms were identified in two modes,

a. Formation of spallation

b. Failure in tension of which petalling is an indica-
tion,
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5. The momentum transferred to the loaded area upon
impact has been experimentally and theoretically
determined to be twice the momentum of the original
particle,

Target Dynamic Deformation Analysis

The problem of determining dynamic deformations and
stresses in thin shells involves a complex system of non-
linear differential equations. A numerical technique has
been developed to analyze large deflections and plasticity
effects (witmer, et al). The technique involves a differ-
ence approximation for the original differential equations.,
These relations are then used to describe an equivalent
lumped parametric model. All such calculations in Refer-
ence 45 to present use six incremental layers for compu-
tation purposes. Emphasis is placed on impact analysis
and the physics of the procedure. A strip approximation
method is applied to the impact analysis of the backup
sheet,

Initial velocity V; imparted to the central portion of a strip
is given by:
Where;

Vi = '32Mpr

S&tb P ?b

Where My and Vp are the mass and velocity of the impacting
particle : S is the spacing and §yand ty, are the density and
thickness of the backup sheet.

Effect of Particle Size

It was determined that when back-up sheet thicknesses for
yvield and fracture criteria were plotted against particle
diameter at a number of velocities, t, (thickness of the
back-up sheet) was approximately proportional to the cube
of the particle diameter., Further, V., the initial velocity

' of the loaded area, is approximately constant.
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Sheet spacing

Sheet spacings investigated included 2.54, 5.08 and 10.16
centimeters at 30.4 km/sec for the Apollo particle. The
Apollo particle is defined as the mean meteoroid presently
established at . 44 gm/cc density for a velocity of 30. 4
km/sec.

A conclusion is that for each decrease in spacing (10. 16
cm to 5.08 cm and 5.08 cm to 2.54 cm) the backup sheet
thickness necessary decreases approximately with the
inverse square of spacing. For 7075-T6 aluminum an
appropriate equation for backup sheet thickness is given by:

tb = C %%VE
where C = 415 % 140 and 82 = 14 for the yield and

fracture criteria, respectively

t -  thickness of the backup sheet in milli-
meters

Mp -~ particle mass in grams
Vp - particle velocity in km/sec

S1 - spacing in centimeters

Effect - of Pre-tensioning the Backup Sheet

Frequently, space structures will include pressurized
structures to be protected from the meteoroid environ-
ment., An analysis was run by both General Motors and
Boeing and in general reach the same conclusions. Gen-
eral Motors obtained solutions for the Apollo particle with
pre-tensioning of 25%, 50%, 75%, and 100% static yield
stresses. When centerline displacements are plotted

_aginst time, (see Figure 1-9B) the indications are that

pre-tensioning can significantly decrease the deflection of
the backup sheet. However, the backup sheet thicknesses
required for both the yield and fracture criteria are dif-
ferent, A conclusion is that the thickness required for
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4.3.3.7
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the yield criterion is not very sensitive to pre-tension,
whereas the thickness based on the fracture criterion
is sensitive to the amount of pre-tension. (See Figure
1-9C). '

Momentum Multiplication

An experimental analysis was performed in the area of
momentum multiplication by General Motors. Momentum
multiplication is the ratio of the measured momentum
applied to the backup shield divided by the incident momen-
tum. Significant conclusions are as follows:

1. The momentum multiplication factor for thin-sheet
impacts was found to have an upper bound of 2.0,

2, With thicker shields, the momentum multiplication
factor will show an increase,

3. Thin shields were identified as falling within the range
of .305 to 1.02 millimeters.

4, It was concluded from experimental observations that
bumper spacing has no effect on momentum transfer,

Multiple Backup Sheets in Meteoroid Shielding Structures

Experimental results indicate that the use of multiple
backup sheets offers little or no advantage over single
backup sheets, as there is no significant decrease in the
momentum through the second sheet until it has a thick-
ness of approximately 90% of the fracture thickness. .

All experimental tests were run on a momentum pendulum,
In some cases where an analysis of the effect of the Apollo
particle was desired, different size projectiles were used,
When this was done a trade-off between particle diameter
and velocity was accomplished to make the momentum
equal to that of the Apollo particle. The Apollo particle
was identified as being 1.02 mm in diameter and traveled
at 30.4 km/sec.
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4,3.3.8 Meteoroid Shield Determination

The procedure to be used for the establishment of an op-
timum meteoroid shield is summarized below.

1. Determine the critical meteoroid mass from an appro-
priate flux equation given the structural area, mission
duration, and zero puncture probability desired.
Apollo particle is the same as a 1.02 millimeter diam-
eter aluminum sphere. '

2, From Figure 1-9A we see that for the Apollo particle

a .20 millimeter aluminum shield (Ts/d = 0.19)
will be adequate at velocities above 7 kilometers per
second.

3. From Figure 1-9D we see that for a spacing of 5,08
centimeters and a velocity of 30 kilometers per
second, a 1,20 millimeter backup sheet of 7075-T6
aluminum is not expected to yield.

-4, The final design check is to see if the structure will
resist penetration at velocities below 7 kilometers
per second. From Figure 1-9E we see that a maxi-
mum backup thickness of 1.30 millimeter (t q = 1. 25)
is required at a velocity of 3 kilometers per second.
Consequently, for this particular Apollo mission, the
required total thickness of the meteoroid shield must
be 1.50 millimeters. :

4.4 MICROMETEORQID PARTICLE CHARACTERISTICS

Meteoroid particle density is generally agreed upon as
being 0. 44 grams per cubic centimeter and was first
estimated by Whipple in reference (31).

For purposes of analysis to be accomplished within this

report, a mean velocity of 30 kilometers per second _
(98, 400 feet per second) is assumed. (See reference (30).)
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Significant flux and penetration data is anticipated from
the Pegasus experiment now in orbit, The Pegasus pay-
load employs three different aluminum sheet thicknesses
for flux and penetration analysis (see Figure 1-10). For
purposes of discussion here we will call them thin, thick,
and thicker. The thin plate is constructed of . 0015 inch
soft aluminum 1100-H14 and offers 8.256 m® (88.867
square feet) surface area, Reference (30) predicts 5, 430
punctures for a one year period following orbit injection.
The thick plate is constructed of . 008 in, 2024-T3 hard
aluminum and offers 17.544 m? (188. 842 square feet) of
exposed surface, Reference (30) predicts 41 punctures
for the one year period. The thicker plate of the three
used is made up of .016 inch 2024-T3 hard aluminum with
188. 856 m? (2032. 829 square feet) exposed surface.
Thirty-eight punctures are anticipated for the first year of
operation. This later portion of the Pegasus experiment
is being followed with interest as the sheet thickness and
exposure area approximates that of anticipated space and
lunar structures, The estimated mass of the meteoroid
particle which is capable of penetrating . 016 inch 2024-T3
aluminum at 26, 7 Km/sec is computed at 10.47 x 10°°
grams. Assuming a mean meteoroid density of .44 grams
per cubic centimeter the particle is computed to be 2.3 x
10" % cubic centimeters in volume or approximately . 035
centimeters in diameter, :

Per reference (32) it is of interest to note than when vari-
ous configurations of lunar structures were considered,
the maximum exposed area was 597.9 ft?, If the projected
puncture estimation of the thicker plate is shown to be
accurate this structure could expect approximately 11.2
punctures per year or ., 93 punctures per month,
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4.5 THEORETICAL METEOROID FLUX AND PENETRATION MODEL

Treatment of the primary meteoroid flux environment is separated into
two general areas of interest, that applicable for the near earth - cislunar and
lunar orbit - lunar surface environments. In addition to a treatment of the primary
meteoroid flux for the lunar surface it has been determined that the lunar secondary
flux imposes a significant hazard to lunar structures. Consequently, it will be
handled in a manner similar to the primary meteoroid flux for the purposes of
defining a meteoroid shielding design criteria. .

It is necessary to differentiate between the primary meteoroid flux found
near the earth and moon to account for inherent differences. It has been estimated
by the author of reference (33) and (34) that the flux of primary meteoroids near
the moon with mass equal to or greater than one gram is 40 percent of the corres-
ponding near-earth value. This is generally substantiated by the author of
reference (35). Although meteoroids considerably larger than one gram were
considered it was thought that the flux of the larger meteoroids was 1/2 of that
near the earth.

For purposes of simplifying the presentation leading to a convenient method
of designing a meteoroid shield, the lunar flux and correlating penetration model
are presented together. Resultant designs consist of a homogeneous single sheet
structure. The method of transfer from a homogeneous meteoroid shield to a
equivalent effective multiple sheet structure is presented in another section.

4.5,1 NEAR-EARTH AND CISLUNAR METEOROID FLUX AND PUNCTURE MODEL

The following models are listed and discussed in detail in reference 44.

(a) Cumulative impact flux on a total sphere

10-14.54 £ 0.60 Ba

F m

]

where

Fs the mean number of primary impacts per square meter of the
exposed structure per second with mass equal to or greater than
m grams ( see figure 1-11)

=-11.00 0.34) (— -0.241 —_
B2 [: +( ) $55 °g (155
h = height in kilometers above the earth

V]
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assuming

log € = log € =+ 0.30 (i.e., log € = (log 0.44) = 0.30 = meteoroid
gravity specific '

log V = log 19.4 £0.12 = meteoroid velocity in kilometers/second.
Solving for (3 2 for a 200 nautical mile orbit we obtain the following:

200 nautical miles = 370. 65 kilometers

0.113
G, =-|1.00+(0.34) (37065 - 0.24 log (370. 65 )
100 100

G,=-1.257

For a 200 nautical mile orbit our flux equation becomes

F, = 10-14.54 £0.60 ;,-1.257

(b) Puncture Flux

¢: 10°13.84

e,

where

T = mass in grams of a nominally puncturing meteoroid.

— 11.193 £ 0. 45
m

3
- 1o 0.50 - 1.31,8.0  0.43

(pc, T E, v Te, )
¢: number of punctures of a randomly oriented vehicle

per square meter of exposed area per second.

‘and
P = thickness of a homogeneous metallic wall in centimeters
Ct = Bulk Velocity of sound in kilometers per second
E; = 10-6 times Young's modulus in kilograms per square centimeter
€t = ductility (percent elongation in 2-inch gauge length at fracture)
V., = Poisson's ratio

t
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For a 200 nautical orbit our puncture flux equation becomes.

-13.84 -1.
¢= 10 m 1.257

where

_ 11,193 £ 0. 45 0.50 . 1.31, 0433
m = 10 (PC, E, gt

The following derivation is made to arrive at a single equation which may
be used to determine the skin thickness required to prevent puncture of a
structure with a set statistical zero puncture probability, and with surface
area A for a mission duration t.

@ At

N

where

1

N = the average number of punctures of particles with mass equal to
or greater than m grams, through the skin of a structure with surface
A square meters during a period t seconds long. Orbital altitude is
assumed at 200 nautical miles.

N = ¢At = At 10713-84 | -1.257

For the probability of occurrence of a specified number of penetrations per
unit of time, an accepted method of approach employs the mathematical
Poisson model. In terms of the average number of penetrations N on a

. given structure the probability p(N) of N penetrations is:

p(N) = [(N)N J

Setting the requirement for zero penetration we get:

P(o) = e'N

or
log o P(o) = -N

Substituting in our penetration flux equation for the average number of
penetrations for a given structure in a 200 nautical orbit we get:

- log, P(o) = At 10713+ 84 71.257

where:

3
m = 10ll.l93 + 0.45 (P ct0.50 E 1.31 Vt8.0€ 0.43
t
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For Aluminum 2219-T87

Cy = 5.075 kilometers/sec
Et =.745 kilograms/cmz
Vt =.325

€= 5%

Hence for Aluminum 2219-T87 the meteoroid mass required to penetrate a
thickness P centimeters is as follows:

8.0 __0.4373

11.193 + 0. 45 .7451- 31 325%-0 (50.43,

0.50

m = 10 (p 5.075

1011193 £ 0.45(53 9143 5 10711

)

For a 75% confidence level £0. 45—~ _ 0.45. For a 50% confidence level
* 0.45~~0. The latter will be treated first.

m =10 11193 (0143 x 10 "1 p3) = 0223 p3

Our penetration flux equation now becomes:

} -1 257
- log, p(o) = At 10 13.84 (.0223 p3)

At . 2652

-4
P= -7.6 x10 W

Where p represents the single sheet homogeneous wall thickness in centimeters
of Al 2219-T87 required to prevent penetration of a structure A square meters
in area, for a mission duration of t seconds, at a no puncture probability

level of P(o). The confidence level is established at 50 percent i.e.,
numerically speaking there is an even chance that the true values will fall to
-either side of that from the prescribed equation. Figure 1-12 presents

design curves for zero puncture probabilities of .90, .95, .990, .995 and

. 999.

The following constitutes treatment of our original equation to provide a 75
percent confidence level.

- 3 -11
m=1011'193 0.45 (p .0143x 10 )

. 00791 p3

8
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Our penetration flux equation now becomes

-13.84 -
-log P(o) = At 10 (. 00791 p3) 1.257

3 771 . 2652 -10, .2652
[log P(o] (. 0636 x 10 )

. 2652
= -10.72 x 10~ Eog P(o)]

Where p represents the single sheet homogeneous wall thickness in centi-
meters of Al 2219-T87 required to prevent penetration of a structure A
square meters in area for a mission duration t seconds, at a no puncture
probability of P(o). Confidence level is established at 75 percent,

Figure 1-13 presents design curves for zero puncture probabilities of

.90, .95, .990, .995 and . 999.
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4.5.2 LUNAR SECONDARY PROJECTILE FLUX AND PUNCTURE MODEL

Fragments ejected from the lunar surface by primary meteoroid
impact have been analyzed theoretically, These results duplicated experi-
mentally indicate a substantial potential hazard to lunar structures. It is
predicted that the flux of fragments of a given mass which are ejected from
the lunar surface is at least 10> and possible 10* times greater than the flux
of primary particles of the same size, (Reference 38) Although velocities
are expected to be lower, average particle mass will be higher, The resul-
tant effects on meteoroid shielding design, both homogeneous and multiple-
sheet is presented in another section of this report.

While impact physics at hypervelocities is thought to be resonably
well understood, some concern has been recently expressed over the know-
ledge attained in the low velocity ranges. Several experimenters and theo-
ticians including those of references 30, 37, and 45 have indicated that pene-
tration of common meteoroid shielding at low velocities may be substantially
more severe than was first thought,

The following is adopted as the basic flux model for lunar secon-
dary particles (Reference 37) and is adapted by the author to an appropriate
penetration criteria. The procedure is construed to represent an acceptable
method to establish homogeneous single sheet shields until such time that
better data is available on low velocity impact physics. A method of trans-
fer from single sheet designs to specific equivalent effective multiple sheet
structures is presented in another section.

log Fs= -1,34 logm - 6,59
where:
F's The mean number of secondary impacts per square foot of
the effected structure surface per day with mass equal to

or greater than m grams.

The relation stated above accepts the following preconditions:
mean secondary particle velocity - 200 meters per second.
A lunar viewing loss of 0.5

where:

- . -
Viewing loss l-cos © \ ——
2-cos @ -

2 o

Sin @ = R/R+H -
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R = Radius of shielding body
H = Height above the lunar surface (Kilometers)

The Herrmann and Jones (Reference 41) penetration criteria slightly
modified is used to predict the effect of lunar secondary activity.
Generally, Herrmann and Jones examined a large body of already
existing experimental data and found excellent correlation with the
following expression.

P = By loge(l + €tv? )

d B, Ht

where:

p = crater depth in a quasi - infinite target

d = projectile diameter (centimeters)

gl} = constants (determined experimentally)
2

€t = target density

Ht = target Brinell hardness

V'~ = projectile impact velocity

The constants By and B, are dependent upon the projectile and
target materials and are determined empirically from data obtained
from many projectile-target material combinations. Values B; and
B, were derived for aluminum and steel impacted by borosilicate
glass projectiles and are as follows:

Projectile Target B, B;
Borosilicate Aluminum 0. 854 37. 5
Glass
Steel 0.511 69. 4

Borosilicate glass should closely approximate secondary particle
density resulting from preliminary meteoroids impacting the lunar
surface.

Quasi-infinite data obtained by posever and scully (Reference 42)
when correlated to the penetration criteria proposed by Herrmann
and Jones and Charters - Summers (Reference 40) was found to show
remarkable agreement with Bjork's theory at high velocities and
Maiden's theory at lower velocities approaching 9 kilometers per
second. This is especially significant in that Maiden and Bjork's
treatments were primarily theoretical.
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Kinard et al (Reference 43) relates penetration produced in quasi-
infinite targets to perforations of single sheets. The single-sheet
thickness, ts, was determined to be

t = 1.55 P
s

This value was further substantiated by Posever and Scully
(Reference 42).

The mass, m, may now be substituted in the Herrmann and Jones
equation for the particle diameter, d. Since the particle is
assumed spherical,

v=_11p d3
6
m = 1 s 43
Cp 6
or
d = bm 1/3

As previously noted, we describe the basic flux model for lunar
secondary particles as:

logio Fs = -1.341logj m - 6.59
where:
Fs = the mean number or frequency of secondary impacts per

square foot of the effected structure surface per day with
mass equal to or greater than m grams

Transposing and solving for m in our flux equation we get the following:

log Fs = -1.341log m -6.59

N = Fs At

where:

N~ = the average number of impingements of particles with masses

greater than or equal to m on a structure with surface area A
feet square during a period t days long.
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Fs = A log (-1.34 log m -6.59)
N = Fs At = At A log (-1. 34 log m -6.59)
log N = log At - 1.34 log m -6.59

At 1

M= %59 T. 34
10 N

Substituting for particle diameter d in the Herrmann and Jones
equation we get: —

2 1/3

Substituting for lunar secondary particle mass m in the above equation

2 1/3 1
P = Pllog, (14 Sty \ ( 6 ) At _) 7,02
N

we get:

B, Ht ) P ¢p 1(§>.59

Introducting the 1.5 penetration parameter, by substitution we obtain
the expression for tg, the single sheet thickness of the shield, as follows:

1.5 P

ts

t

€ v2 6 1/3 At L
1.5 By | log. 1+ V_ 5 Z.02
s 1 e B2 H; ®Cp 0659 ™

: For the probability of occurrence of a specified number of penetrations
per unit of time, an accepted method of approach employs the mathematical
Poisson model. In terms of the average number of impingemerts N, the probability

P(N) of N penetrations is: '

P(N) = ! N -N
() ﬁ!&ﬁ) e) ]

Setting requirements for no penetrations we get:
P(o)=e -N

or

loge P(o} = -N
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By substituting in the equation for single sheet thickness we obtain a
final relation by which the optimum single sheet design may be obtained for
protection from lunar secondary particles, given the structure area, lunar stay
time, and the probability of no penetration desired. The equation may be solved
for any material for which density §t, and Brinnel hardness H¢, is known. As
previously noted, the density of the lunar secondary particle{), is assumed as
2.5 grams per cubic centimeter and particle velocity V is set at 200 meters per
second or 0.2 kilometers per second. Values for B), Bz for aluminum and
steel are given in the first part of this section. '

Et V2 <n’6 1/3/ - ;GZ; '}I.OZ
T2/ L10% 10g, Plo)

When solutions are obtained from the above equation the numerical
values must be in units as listed below.

ts=1.58 | log, (1 + RN

(a) Target density (Qt) - grams per cubic centimeters

(b) Particle density (@ _) - grams per cubic centimeters

(c) Particle velocity (‘8) - kilometers per second

-{(d) Brinell Hardness (H,) - kilograms force per millimeter squared
(e) Target thickness (tsg - centimeters

(f) Exposed Structural Area (A) - square feet

(g) Lunar stay time (t) - days

When using units as noted, a further proportionality constant (K) is
required to compensate for the difference in units used for Brinell hardness
(Hy), target density (Q;), and particle velocity (V). The proportionality
constant K is defined as follows: '

- (gm/crn3) (105cm/§§c)2- | - 102
K (980, 665 gm cm/sec?)/(10-Tem)2 !

-Our design equation now becomes:

2 1/3
ty=1.5 B, |loge (1 + K e"VH <m6€ > 6““5‘:9 4.02
Pz t P -10 ° log, P(o)

i

Figure 1-14'illustrates the single-sheet homogeneous wall thickness of
Aluminum 2219-T87 required to protect a lunar structure from the lunar
secondary environment., No puncture probabilities of . 999, .995, . 990, .95,
and . 90 were considered.
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LUNAR AND NEAR T.UNAR PRIMARY METEOROID FLUX AND
PUNCTURE MODEL

The following treatment of the theoretical meteoroid flux and penetration
criteria is based on basic models presented in reference 44.

(2) Cumulative impact flux on a total sphere

- +
F-101454060 B2

Fs= the mean number of primary impacts per square meter of

the exposed structure per second with mass equal to or greater
than m grams,

L 0.113 b
132:-[1 00 + (0.34) ( 5, ) -0.24 log { 1002]

h = height in kilometers above the earth

assuming

log € =log{ % 0.30 (i.e., log € = (log 0.44) £ 0. 30) = meteoroid
specific gravity

logVv =1log 19.4 £ 0,12 = meteoroid velocity in kilometers per
second.,

To identify an equation which will give us the number of meteoroid
impacts per square meter of structural surface on the lunar surface,
the relation B2 is solved for the lunar distance i.e., h = 3,84 x 10°
kilometers.

[ 3.84x105 0.113 3.84x105_
B2=- i00+(0.34)(w) -0.2410g(———i'6‘6—-)
= - ] 1.00 + (0.34) (3,840) 0.113 4 24 log (3,840)
- _[T.00+ (0. 34) (2.541) - 0.24 (3. 5843ﬂ
= - (1.00+4 .864 - ,860)
B, = - 1,004
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For the lunar distance our basic flux equation becomes

- * -
FS=10 14.54 % 0.60 ,, -1.004

(b) Puncture Flux

-13,84 BZ

m

@=10

where

m = mass in grams of a nominally puncturing meteoroid

= . * 0, 0.5 . . 0.
m=1011193 045(PC 0E131V806' 43)3
t t t t

@ = number of punctures of a randomly oriented vehicle

per square meter of exposed area per second.

and

p = thickness of a homogeneous metallic wall in centimeters
Ct = Bulk velocity of sound in kilometers per second
Et = 10"6 times Young's modulus in kilograms per square

centimeters

€ . = ductility (percent elongation in 2-inch gauge length
at fracture)

Vt = Poisson's ratio

For the lunar distance our puncture flux equation becomes

-13.84 __ -1.004
m

@ =10

where
hY

+ . . . .
m =10 11.193 0.45(Pct0 50Et1 31 Vt8 0€t0 43)3

The following derivation is made to arrive at a single equation which
may be used to determine the skin thickness required to prevent
puncture of a structure with a set statistical zero puncture probability,
and with surface area A for a mission duration t.
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@ At

where

2l
"

the average number of punctures of particles with mass
equal to or greater than m grams, through the skin of a
structure with surface A square meters during a mission
duration t seconds long, Relations are established at the
lunar distance,

N =@ At = At 10 -13.84 = -1,004

For the probability of occurrence of a specified number of penetrations
per unit of time, an accepted method of approach employs the
mathematical poisson model. In terms of the average number of
penetrations N of a given structure the probability P (N) of N penetrations
is:

N -N

PN =3, | @ °

Setting the requirement for Zero penetration we get:

Plo)=e

or

logeP(o) = -N

Substituting in our penetration flux equation for the average number of
penetrations for a given structure at the lunar distance we get:

- . =1 O
-loge P(o) = At 10 13.84 m 1. 004

where:

. 11,193 % 0,45 0.50 _ 1.31 _ 8.0 0.43.3
m = 10 (PC, E, v, €, )
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For Aluminum 2219-T87

Ct = 5,075 Kilometers/Sec
. 2

Et = , 745 Kilograms/cm

Vt = ,325

€t =5%

Consequently, for Aluminum 2219-T87 the meteoroid mass required to
penetrate a thickness p centimeters is as follows: :

" 3
i [ ]
o =10 11-193£0.45 b 5. 075 0.50 _, 1.3 325 80 0.43)

+ -
10 11.193 £ 0.45 (P3 0143 x 10 11)

For a 75% confidence level £0,45 —» -0.45. For a 50% confidence
level £ 0.45 -+ 0, The latter will be treated first.

m =10 1193 0143 x 10711p 3

. 0223 P3

5

Our penetration flux equation now becomes:

- log_P(o) = At 10 -13.84 (. 0223 P3) -1.004

- log_P(o) = At (10 -13.84) (. 0223 -1.004) ( P -3.012)
= At (. 145 x 10 ‘13) (45.54) (P '3*012)
_ At (6.603 x 10 ~13) (p ~3-012,

-log_Plo) = At (6. 603 x 10 ~'%) (p 3: 012

-log_P(o) = At (6. 603 x 10713

3,012
p
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p3:012 ) At 6.603x 10 "
log_ P(o) .
- . 3320
-5 At
P = -9.039}{ 10 +W)
—

Where p represents the single sheet homogeneous wall thickness in centimeters

of AL 2219-T87 required to prevent penetration of a Lunar Structure A square
meters in area, for a mission duration of t seconds, at a no puncture probability
level of P(o). The confidence level is established at 50 percent i. e., numerically
speaking there is an even chance that the true values will fall to either side of that
from the prescribed equation. Figure /-/5 presents design curves for zero
puncture probabilities of . 90, .95, . 990, .995 and . 999.

The following constitutes treatment of our original equation to provide a 75%
confidence level.

m =10 11.193 - 0.45 (P3 0143 x 10 -11)
m =, 00791
Our penetration flux equation now becomes
-1.004
-log P (o) = At 10 -13.84 (.,00791 P 3)
- -1. 004 -3.012
- At (.145 x 10 "13 ) (Loo791) "1+ 00% (p -3.012)

At (.145x 10 '13) (128.8) (P '3‘012)

- -3.012
Jog Plo) = At (1.868 x 10 "%y p ~3-01

——

3.012 _|At 12
- logeP(o)

—

P 1.868 x10

At — .3320

+ loge P (o)

P-1.278 x 10 -4
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Where p represents the single sheet homogeneous wall thickness in centimeters
of AL 2219-T87 required to prevent penetration of a Lunar Structure A square
meters in area for a mission duration t seconds, at a no puncture probability

of P(o),the confidence level is established at 75 percent, Figure |-/ presents
design curves for zero puncture probabilities of . 90, .95, .990, .995, and . 999.
However, before using the design curves, an appropriate viewing loss imposed by
the moon must be considered.

On the lunar surface a viewing loss of 0.5 would be used, i.e., the total exposed
structural area of the Lunar structure would be reduced by a factor of 2 before

the required skin thickness is obtained from the design curves. For other positions
above the lunar surface the following procedure would be used.

- _l-cos O
Viewing lqss = > \
where ®

45—

. R
sin @ "R + H
H-——LR»I

4.6 SINGLE-MULTIPLE SHEET METEOROID SHIELDING CORRELATION

The preceeding three sections have outlined the procedures to obtain the
thickness of a single sheet of Aluminum 2219-T87 required to protect a structure
from the near-earth, cislunar, and lunar meteoroid environment. Previously
it has been shown, with supporting references, that the optimum meteoroid
shielding design is a multiple sheet structure. Consequently, the problem
remains of transferring from a single-sheet to an equivalent effective multiple-
sheet structure,

The Ames Research Center per reference (15) provides the key to the
transfer from a single to a multiple sheet structure. The assumption is made
that the ratio R of the ballistic limits, holds constant for all conditions of
impact.

Vm

=— =R = tant
Vs constan
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Where Vm is the ballistic limit of the multiple-sheet target and Vs is
the ballistic limit of the single sheet target. The ballistic limit is de-
fined as the velocity at which complete target penetration is just pre-
vented.

Figure 1-17 represents ballistic limit data obtained experimentally by -
Reference (15). The method employed single and multiple-sheet struc-
tures constructed of 2024-T3 Aluminum Alclad. The number of sheets
and thicknesses were varied so that all times the total thickness always
had one value of 0. 062 inches. Thus, the weight per unit area was held
constant. The number of sheets in Figure 1-17 varied from one to four.
In this particular example, two values for sheet spacing was used,

(1/2'" and 1'") with the spacing between successive sheets being held con-
stant.

Figure 1-17 also shows the effect of glass wool filler application to the
1'" spaced two sheet target.

For purposes of discussion we shall now compare the ballistic limit
of a single sheet target versus that of two sheets spaced 1 inch apart
and filled with glass wool. From Figure 1-17 we find R to be,

R = Vm = 11,050 ft/sec. = 4,4 or . 228
Vs 2,400 ft/sec.

In effect, this relation says that the two sheet glass wool filled target
is 4. 4 times better than the single sheet target assuming the metal
weight per unit area is the same for both cases.

If one calculated the single sheet thickness required to protect a struc-
ture from the near-earth, cislunar, and lunar meteoroid environment
and divided it by the ratio R, of the ballistic limits, the resultant figure
would constitute the equivalent effective thickness of the multiple-sheet
structure being compared.

Now that we have identified the mechanics of transfer from a single-
sheet to a multiple-sheet we define a unit called the Effectiveness
Factor (K) which is derived from the ratio R.

K = 1 Vs
R Vm

Figure 1-18 shows the effectiveness factors for several multiple-sheet
meteoroid shield c0nfigi1rations. The type desired may be selected
and the effectiveness factor K applied to the following relation to obtain
the bumper sheet thickness,

= N—
te ff _K_—
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Where:
N = the number of sheets blocking the path of a particle
penetrating a multiple-sheet structure
“T= = thickness of individual structural sheets which to-
gether comprise a multiple-sheet meteoroid shield
'K = Effectiveness factor
teff= the effective single sheet armorplate shield thickness

For a given structure,t denotes the thickness of the bumper and any
other sheet designed to block the path of an impacting projectile in-
cluding the main pressure vessel wall. However, per reference (32)
the limiting design factor for the main pressure vessel wall for man-
rated structures is the internal working pressure. Per reference (32)
the thickness required to contain a human operating environment far
exceeds that required for meteoroid shielding purposes. Consequently,
the calculated value for T would represent a minimum value for the
main pressure vessel wall,

CONCLUSIONS - MICROMETEOROID SHIELDING DESIGN

It is significant to note that the procedure used to arrive at a meteo-
roid shielding design is flexible. It may be used to determine the
effectiveness of any number of protective sheets in combination with
fillers, providing the ballistic limit is known.,

Spallation is a factor inherent in the value of the ballistic limit and
need not be considered further., Were spallation a factor which
caused failure of the target, it would have served to lower the value
of the ballistic Limit, The definition of the ballistic limit being that
velocity at which penetration of a target is just prevented.

Future efforts applied toward the study of meteoroid shielding design

which would be of benefit are listed.

(1) Analysis of the results of experimental studies performed
with new high velocity guns to determine if the ratio
R = Vm remains constant,
Vs

(2) Review of experimental data to determine the ballistic
limits of two sheet meteoroid shielding spaced beyond
1 inch using varying types of filler material.
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